Restriction site-associated DNA sequencing (RADseq) is a powerful tool for genotyping of individuals, but the identification of loci and assignment of sequence reads is a crucial and often challenging step. The optimal parameter settings for a given de novo RADseq assembly vary between data sets and can be difficult and computationally expensive to determine. Here, we introduce RADProc, a software package that uses a graph data structure to represent all sequence reads and their similarity relationships. Storing sequence-comparison results in a graph eliminates unnecessary and redundant sequence similarity calculations. De novo locus formation for a given parameter set can be performed on the precomputed graph, making parameter sweeps far more efficient. RADProc also uses a clustering approach for faster nucleotide-distance calculation. The performance of RADProc compares favourably with that of the widely used Stacks software. The run-time comparisons between RADProc and Stacks for 32 different parameter settings using 20 green-crab (Carcinus maenas) samples showed that RADProc took as little as 2 hr 40 min compared to 78 hr by Stacks, while 16 brown trout (Salmo trutta L.) samples were processed by RADProc and Stacks in 23 and 263 hr, respectively. Comparisons of the de novo loci formed, and catalog built using both the methods demonstrate that the improvement in processing speeds achieved by RADProc does not affect much the actual loci formed and the results of downstream analyses based on those loci.
sequence data that can be produced at each locus. The RADseq protocols are now available in many different flavours based on the order and details of enzyme digestion, adapter ligation, barcoding and size selection (Andrews, Good, Miller, Luikart, & Hohenlohe, 2016) . RADseq can be used to simultaneously examine tens of thousands of genetic loci for hundreds of individuals and can be applied to genomes of any size, including those of nonmodel organisms that lack available genome-sequence data. Consequently, RADseq is increasingly being used in evolutionary and quantitative genomic analyses (e.g., Jones, Fan, Franchini, Schartl, & Meyer, 2013) including genome-wide association (Hecht, Campbell, Holecek, & Narum, 2013) , phylogenetic , landscape studies (Allendorf, 2017) and QTL analyses (Laporte et al., 2015) .
To accurately infer population statistics, the short-read DNA sequences generated by RADseq can be mapped to loci if a reference genome is available, or assembled de novo if no reference genome is available. Reads must be grouped into orthologous loci that occupy the same genomic position. Building orthologous loci from the short reads is a necessary step in the inference of true single nucleotide polymorphisms (SNPs) in de novo RAD sequencing. However, paralogs can be erroneously merged into a single locus, leading to the conflation of allelic variation with differences among closely related gene family members (Dou et al. 2012) . Assembling paralogs as single loci increases false heterozygous genotype calls and can also confound genetic differentiation among individuals and populations, complicating genomic studies (David, Rosenberg, Lavi, Feldman, & Hillel, 2007; Abadía-Cardoso, Clemento, & Garza, 2011; Nadukkalam Ravindran, Bentzen, Bradbury, & Beiko, 2018) . Extensive exploration of assembly parameters and downstream analysis and pruning of putative paralogous loci is a necessary quality control measure in RAD studies.
Currently, there exist many software programs to process RADseq data such as Stacks (Catchen, Hohenlohe, Bassham, Amores, & Cresko, 2013) , pyRAD (Eaton, 2014) and AftrRAD (Sovic, Fries, & Gibbs, 2015) . Stacks is the most widely used software package for RADseq analysis and consists of modules to perform all tasks from quality filtering, de novo or reference-aligned locus identification, genotyping and generating population-genetic statistics. pyRAD is particularly designed for phylogenetic applications. Like Stacks, pyRAD and AftrRAD also can perform quality filtering, de novo locus formation and genotyping and can also handle insertion and deletion variations among alleles. In all these programs, the basic idea is to identify SNPs by determining unique stacks of reads with a minimum coverage depth and aligned as allelic pairs of a candidate locus (de novo locus formation) if they satisfy a predefined percentage identity or maximum nucleotide distance. The method used to perform pairwise comparisons among the unique stacks to determine potential allelic pairs differs in each program.
One limitation with the existing programs is the uncertainty in the minimum coverage depth and the maximum nucleotide distance to be satisfied to determine potential allelic pairs. Many recent publications (Ilut, Nydam, & Hare, 2014; Leaché et al., 2015; Mastretta-Yanes et al., 2015; Rodríguez-Ezpeleta et al., 2016) have emphasized how the parameter settings during de novo assembly and SNP calling can significantly affect the analytical results. Comparing the results for different sets of parameter values requires repeating the assembly. RADseq studies often require processing hundreds of samples collected from many different locations (Dibattista et al., 2017; Xuereb et al., 2018) , and as such, it is often a computationally demanding task to explore different parameter sets. The uncertainty in the choice of parameter values for the de novo assembly necessitates faster and efficient RADseq data processing methods to explore different parameter values and their downstream effects.
Here, we have developed RADProc, an algorithm and software package that streamlines and accelerates de novo locus formation and catalog building by eliminating redundancies and using a highly efficient method for nucleotide-distance calculation. RADProc can efficiently sweep through different sets of parameters for de novo locus formation and catalog building. Although RADProc is an alternative method for de novo locus formation and catalog building from RADseq data, the output files generated by RADProc are completely compatible with the Stacks pipeline. We use the same parameters defined in Stacks for de novo locus formation and catalog building.
In Stacks, the parameter "m" represents the minimum sequence depth criterion and the parameter "M" determines the maximum nucleotide distance allowed between stacks that are to be merged into a locus. The unique stacks with coverage depth less than m are merged with the already formed loci if they uniquely match to a locus with nucleotide distance less than or equal to M + 2. Once the de novo locus formation from RADseq data for a given sample is completed, the single nucleotide polymorphisms (SNPs) in each locus are identified, with a maximum-likelihood approach to distinguish true variants from probable sequencing errors. During the catalogbuilding step, loci from different individuals that are within a specified nucleotide distance n are merged into a single catalog locus.
RADProc can be used in two modes: one is to sweep through the different parameter values (Table 1) for m, M and n to compare and identify optimal parameter settings and other is to directly use one set of known parameter values for m, M and n. Although there is not a strict definition for optimal, as suggested in Paris, Stevens, and Catchen (2017) the combination of M and m parameter values that give the highest number of polymorphic loci in 80% of individuals in each population could be considered as an optimal parameter set. The idea is to use a subset of population samples to identify the optimal parameters and then apply them to the larger data set. Since RADProc is faster in de novo locus formation and catalog building, the user can also try the parameter sweep on larger data sets. We have demonstrated and discussed the RADProc modes using small and large data sets in the sections below.
| ME THODS

| RADProc graph data structure
The core of RADProc is the graph structure ( Figure 1 ) used to store all unique stacks with a coverage depth of at least two reads, NADUKKALAM RAVINDRAN ET AL.
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omitting singleton reads that would be eliminated by any reasonable value of m. The RADProc graph structure encapsulates the principle of connecting unique stacks within a given nucleotide distance (i.e., parameter M in Stacks), but is tailored to avoid redundancy in two important ways. First, all samples are processed and stored in a single graph data structure that incrementally adds unique stacks from all samples. Since most stacks will be present in more than one sample, this approach eliminates a great deal of redundancy in the storing of data and removes the need for repeated comparisons of the same unique stacks during locus construction. Second, the graph connects stacks that differ up to a relatively large nucleotide-distance threshold M G , which allows de novo locus assembly for all M ∈ {1, …, M G -2} directly from the graph, since we need to allow a more lenient nucleotide distance of M + 2 for unique stacks with coverage depth less than m to be merged with the already formed loci if they uniquely match to a locus. So, if we want try "M" values up to 6, we will have to set M G = M + 2 = 6 + 2 = 8. For example, if the graph is built with M G = 6, then de novo assembly can be performed efficiently for all values of M from 1 to 4 and M + 2 from 3 to 6. In the absence of the graph data structure, the program must perform sequence comparisons each time a new value of M is used in a parameter sweep, whereas the graph structure performs sequence comparisons only once, with locus construction based directly on distance values stored in the graph. Since the minimum coverage depth m required forming a node in the graph structure is two (i.e., a unique stack), we can also try different values of m without the need to identify unique stacks each time.
Formally, RADProc is a graph structure G = (N, E), where N and E are node and edge set, respectively, defined by.
is the nucleotide distance between the unique stack sequences.
Each node in N contains information about a unique stack, and edges in E connect all pairs of nodes where the nucleotide distance between the corresponding sequences is less than or equal to the threshold value M G . The unique stack represents a putative allele of a putative locus; since RADseq is typically applied to samples from the same species, many unique stacks are likely to be present in most or all of the samples. Minimal overlap among samples will generate an impractically large graph for data sets with hundreds of samples. To simplify graphs constructed from large data sets, we use a filter to remove unique stacks that are not present in a minimum number of samples S and the minimum average coverage depth across samples D. This approach ensures that unique stacks are present in at least S% of the samples, while still retaining the potential to keep "private" alleles that are restricted to a single population.
Once the graph has been constructed, de novo locus formation requires only lookup operations and extraction of the unique stack nodes that need to be merged; since this process requires no sequence comparisons, it can be performed quickly for all desired parameter combinations. Catalog formation from putative alleles is then performed (Figure 2 ).
| Nucleotide-distance calculation
In the de novo assembly process, calculating the nucleotide distance between DNA sequences is generally the rate-limiting step, depending on the number of unique reads in each sample and the total number of samples. There are methods available for sequence comparison using k-mers (Marçais & Kingsford, 2011; Páll & Jonathan, 2011; Kurtz, Narechania, Stein, & Ware, 2008) , substrings of length "k." Rather than performing an all-versus-all comparison of sequences, RADProc uses a heuristic approach similar to UCLUST (Edgar, 2010) to cluster similar sequences according to M G and then performs pairwise comparisons only between sequences within these clusters for the purpose of graph construction. The clusters are built by iterating through the list of sequences and identifying "seed sequences" that define their corresponding clusters. Each sequence is compared against the existing set of cluster seeds: if the nucleotide distance between the cluster seeds and new sequence is greater than M G , then the new sequence becomes a seed sequence of a new cluster. The nucleotide distance between incoming sequence and the seed sequences is calculated by pairwise sequence comparison only if the sequences have a minimum number of matching kmers. Once the matching seed sequence is identified, the incoming sequence is added to that cluster. Likewise, all the sequences are grouped into clusters in which all constituent sequences are within a maximum nucleotide distance from the seed sequence. RADProc also performs pairwise sequence comparisons between sequences from two different clusters if the nucleotide distance between their seed sequences is less than 2 × M G , because the initial clustering of sequences depends highly on the order of incoming sequences; hence, similar sequences (within M G ) could end up in different clusters.
| Validation data sets
Evaluation of RADProc was performed using RADseq data extracted from two different studies. The first data set comprised green-crab (Carcinus maenas) samples, which were first used to study population structure in Northwest Atlantic (Jeffery et al., 2017) . A smaller data set comprising 20 samples from four different sites, and a larger data set consisting of 242 samples from 11 different sites were used to 
| RESULTS
After processing the raw RADseq data from the smaller green-crab data set comprising 20 samples from four different sites using pro-cess_radtags, they were provided as input to RADProc. Approximately 70,000 unique stacks were identified per sample ( Figure 3) ; 280,121 of the total 409,864 unique stacks identified were shared by at least two samples, with the remaining 129,743 found in one sample only (Figure 4 ). We eliminated unique stacks that did not satisfy S = 0.10 and D = 2, which left 135,309 unique stacks for further analysis.
The process was repeated with the large green-crab data set consisting of 242 samples from 11 different sites. There were 3,090,130 unique stacks loaded into the RADProc graph data structure. As above, the unique stacks were formed from RAD-tags with coverage depth of at least two reads. After filtering out unique stacks that were not present in at least 22 samples and average coverage depth D ≤ 2, a total of 426,260 unique stacks were retained. calculation was faster than the pairwise string comparison and k-mer counting methods. Figure 5 compares the total number of loci, polymorphic loci and SNPs identified for the 32 different combinations of values for M from 1 to 8 and m from 3 to 6. In this example, the number of total loci formed and number of polymorphic loci identified plateaus after M = 4, but the number of SNPs identified keeps increasing as M increases suggesting there could be loci with a high density of SNPs (Paris et al., 2017) . (Holsinger & Weir, 2009; Weir & Cockerham, 1984) values between the 11 sites ( Figure 6 shows the distribution of the private alleles in each of the 11 populations for RADProc and Stacks.
The raw RADseq data from the brown trout data set of 16 samples were cleaned and quality filtered using process_radtags, and from the retained RAD-tags, RADProc identified 364,611 unique stacks. We eliminated unique stacks that did not satisfy S = 0.10 and D = 2, which left 227,796 unique stacks for further analysis.
From the run-times recorded for the 32 different parameter-value combinations of M and m ( 
| DISCUSSION
RADseq has enabled the simultaneous examination of tens of thousands of genetic loci for hundreds of individuals for a variety of ecological and evolutionary applications. Available tools for processing RADseq data are useful in de novo loci assembly of the RAD-tags and genotyping those loci for evolutionary analysis. However, the parameter settings during de novo formation can significantly affect the analytical results (Mastretta-Yanes et al., 2015) . The uncertainty in choosing the optimal minimum sequence depth required to consider the reads as potential alleles and the maximum allowed between such reads to be merged into candidate loci requires running the program multiple times and compare the results to determine the optimal values for these parameters. The optimal values are determined based on the number of loci formed and the number of SNPs identified per sample ( Figure 5 ). In practice, this could be achieved by using a smaller data set to sweep through the parameter values. But as shown in the run-time comparisons above, trying 
| SUMMARY
RADProc is a RADseq data processing software package that can be used for de novo locus formation and genotyping the formed loci. 
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Considering the large volume of data sets used for population genetics studies using short reads, the implementation of this approach focused on making it less computationally demanding. The implementation is done in C++ on a UNIX/LINUX platform. The RADProc software, which includes parallel processing options using OpenMP API (Leonardo & Ramesh, 1998) , is available at github.com/beiko-lab/ RADProc.
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